The presence of rigid abrasive contaminant between the plunger and sleeve of high-pressure injection fuel system causes scuffing failure. The abrasive contaminant is modeled as a spherically shaped rigid particle. The contaminant is envisioned to penetrate into the sleeve while positioning itself in rubbing contact with the plunger. Excessive temperature rise known as flash temperature between the particleplunger interface is used as an indication of whether scuffing would take place. The model uses flash temperature in conjunction with the material properties to determine the critical particle size that may result in scuffing failure. The range of critical particle size initiating significant abrasive wear is determined and validated with the experimental results available in literature. Our predicted model can be used as a guide for selecting an appropriate filter size for high-pressure injection fuel system
INTRODUCTION
The failure of rotary diesel fuel injection pump (RDFIP) considering hydrodynamic lubrication and effects of related parameters were investigated by Malik and Rashid et al [1] . The effects of grooves were also analyzed by Malik and Rashid et al. [2] Lacey and Lestz [3] analyzed effect of low lubricity fuels on RDFIP particularly focusing on field performance. Lacey and Lestz [4] also investigated the effects of low lubricity fuels on RDFIP under controlled environments. Bessee and Yost et al [5] experimentally analyzed filtration requirements and evaluation procedure for RDFIP. Lacey [6] discussed wear with low lubricity fuels. Lacey [7] also investigated wear with low lubricity fuels and development of a wear mapping technique. Bessee and Yost et al [8] experimentally determined critical particle size for a high-pressure injection system causing wear. Khonsari and Pascovici et al [9] presented a model for evaluating the flash temperature between a fixed, rigid particle embedded into the bearing over-layer during scuffing. Pascovici and Khonsari [10] analyzed scuffing failure due to an abrasive contaminant. Onion and Rothwell [11] determined that the most damaging particle size was approximately 12 m µ . Kaldonski [12] determined that 9 to 14 caused the greatest wear. Barlett [13] determined that the most damaging size being approximately 12 m µ .
Roth's [14] research determined that future fuel filter designs move towards finer filtration (i.e.,5 m µ ). Burman and DeLuca [15] determined that the rate of wear is more rapid with particle sizes of 10 m µ or greater. This research investigates the cause of failure by analyzing critically the scuffing failure due to a fuel contaminant. The appropriate filter size in terms of micron rating is analyzed based on critical flash temperature in conjunction with the material properties of plunger and plunger sleeve of RDFIP.
APPROACH
Three high-pressure injection pumps are taken as case study for obtaining experimental data. Identification of critical particle size in diesel fuel system related to problems in the field is carried out and theoretical model for scuffing failure is developed focusing abrasive contaminant partially/ diametrically penetrated between the plunger and sleeve. On the basis of this study, fuel filter size in terms of micron rating based on critical flash temperature at variable particle size of the contaminant is determined Flash temperature is determined by incorporating operating speed of pump, particle size, minimum film thickness, fuel properties, thermomechanical and surface properties of plunger and sleeve. Thermomechanical properties are determined through material composition of plunger and sleeve by spectroscopic technique. Coordinate measuring machine is used to determine the radial clearance between the plunger and sleeve. The cross-sectioned and exploded views of hydraulic head assembly of RDFIP are shown in Fig.1 respectively. Fig 2 shows penetration process when hard particle is dragged in by the plunger rotation.
RESULTS AND DISCUSSION
The optimized radial clearance of 3.5 m µ for the failure case showed better results during hydrodynamic analysis and cause of failure is attributed to contamination and low lubricity in diesel fuel. The reduced radial clearance is more sensitive to scuffing failure due to particle penetration between the plunger and sleeve. Critical flash temperatures, mean pump temperature and associated hardness ratio at particular radial clearance are the key factors for the determination of appropriate filter size in terms of micron rating. Figure 3 shows variation of critical temperature with the change in radial clearance at 3.5, 4.5 and 5.5 m µ respectively. It is observed that critical flash temperature is maximum at 3.5 m µ radial clearances and reduces with the increase in radial clearance. Particles producing maximum critical temperature are in the range of 9 to14 m µ . The same range of particles is also confirmed experimentally as discussed in references [11] [12] [13] [14] [15] . Figure 4 shows particle penetration with the change in radial clearance. With the reduction in radial clearance the penetration of particle increases. At 3.5 m µ radial clearances, the particle penetration is maximum. It is observed that the critical particle size 
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for a particular radial clearance produces maximum penetration. Particles producing maximum penetration are in the range of 9 to14 m µ . The same range of particles is also confirmed experimentally as discussed in references [11] [12] [13] [14] [15] . Figure 5 indicates that friction coefficient is more in case of reduced radial clearance as compared to large radial clearance. Particles producing maximum friction coefficient are in the range of 9 to14 m µ . The same range of particles is also confirmed experimentally as discussed in references [11] [12] [13] [14] [15] . Figure 6 shows that critical temperature is initially zero almost up to 0.5 m/sec. Thereafter the relationship between critical temperature and pump speed is perfectly linear. The increase in particle size also increases critical temperature. To determine the filter adequacy at 1500 pump rpm, the maximum pore size of the filter recommended for each pump is: non-failure case -max rating 12 m µ filter (5.5 m µ radial clearance) and failure case -max rating 9 m µ filter (3.5 m µ radial clearances). c=3.5 c=4.5 c=5.5
